The observed equatorial Pacific zonal wind response during El Niño tends to be stronger than during La Niña. Most global coupled climate models in phase 5 of CMIP (CMIP5) exhibit such nonlinearity, although weaker than observed. The wind response nonlinearity can be reproduced by driving a linear shallow water atmospheric model with a model's or the observed precipitation anomalies, which can be decomposed into two main components: the zonal and meridional redistribution of the climatological precipitation. Both redistributions contribute comparably to the total rainfall anomalies, whereas the zonal redistribution plays the dominant role in the zonal wind response. The meridional redistribution component plays an indirect role in the nonlinear wind response by limiting the zonal redistribution during La Niña and thus enhancing the nonlinearity in the wind response significantly. During La Niña, the poleward movement of the ITCZ/SPCZ reduces the equatorial zonal-mean precipitation available for the zonal redistribution and its resulting zonal wind response. Conversely, during El Niño, the equatorward movement of the ITCZ and SPCZ do not limit the zonal redistribution of precipitation. The linear equatorial zonal wind response to ENSO is found to have a significant linear correlation with the equatorial central Pacific climatological precipitation and SST among the CMIP5 models. However, no linear correlation is found between the nonlinear equatorial zonal wind response and the climatological precipitation.
Introduction
The El Niño-Southern Oscillation (ENSO) phenomenon is the world's dominant interannual climate signal. While the anomalous physical processes associated with the warm (El Niño) and cold (La Niña) phases of the oscillation are, to the first order, mirror images of each other, multiple observational and model studies have noted the differences in amplitudes, patterns, and evolution between the two phases (Hoerling et al. 1997; Kessler 2002; Larkin and Harrison 2002; Ohba and Ueda 2009; Okumura and Deser 2010; Choi et al. 2013; Dommenget et al. 2013 ). These differences are often referred to as the nonlinearity or the asymmetry of ENSO, and they have significant impacts on regional climatic anomalies (Hoerling et al. 1997) and ENSO predictability (Dommenget et al. 2013) . In this paper we focus on an atmospheric component of the nonlinearity-in particular, the equatorial Pacific zonal wind response to ENSO SST anomalies.
Several studies have reproduced the nonlinear wind response by forcing an atmospheric model with symmetrical SST anomalies (i.e., SST anomalies that have the same spatial pattern and magnitude but with opposite signs; Hoerling et al. 1997; Kang and Kug 2002; Ohba and Ueda 2009) . Features of the nonlinear zonal wind response that may influence the skewness and evolution of ENSO include 1) the zonal position of the equatorial wind response, 2) the meridional shift of the equatorial zonal wind response and its seasonality, and 3) the asymmetric amplitude of the equatorial zonal wind response (Harrison and Vecchi 1999; Kang and Kug 2002; Vecchi 2006; Ohba and Ueda 2009; Philip and van Oldenborgh 2009; Frauen and Dommenget 2010; McGregor et al. 2012) . Within that rich spectrum of atmospheric nonlinearity, this study is focused on understanding the causes of the nonlinear amplitude of the zonal wind response.
There are two main sources for the pressure gradient anomalies that support the surface wind anomalies in the tropical Pacific: 1) elevated heating by deep convection (Gill 1980) and 2) changes in surface temperature (Lindzen and Nigam 1987) . Chiang et al. (2001) showed that the zonal wind anomalies are largely explained by the elevated heating anomalies, which are associated with the precipitation anomalies. On the other hand, the eastward (westward) shift of the zonal wind anomalies during El Niño (La Niña) is also understood as being caused by the equatorial rainfall anomalies on an asymmetric climatological SST; the SST warming in the eastern equatorial Pacific causes equatorial rainfall to occur over the climatological cold tongue, whereas the SST cooling over the eastern equatorial Pacific displaces the rainfall onto the climatological warm pool. We hypothesize that the nonlinear precipitation response to the SST anomalies during ENSO is a crucial element in understanding the nonlinear zonal wind response. In this study we will examine if the nonlinear precipitation response to the SST anomalies is sufficient to explain the nonlinear zonal wind response.
While the zonal shift of equatorial convective regions during El Niño and La Niña is associated with the zonal movement of the upward branch of the Walker circulation, it is not obvious why the zonal wind anomaly during El Niño would necessarily be stronger than that during La Niña if indeed the nonlinearity in the zonal wind response comes mainly from the nonlinearity in the precipitation anomalies. In addition, the precipitation response to ENSO is not just about the zonal movement of convection; there is also an equatorward (poleward) movement of the intertropical convergence zone (ITCZ) and South Pacific convergence zone (SPCZ) during El Niño (La Niña) (Trenberth 1976; Folland et al. 2002; Chung et al. 2013; Chung and Power 2014) . Trenberth (1976) also noted the possible coupling between the SPCZ movement and the Walker circulation during ENSO. If one models the ITCZ and SPCZ as two Gaussian-shaped off-equatorial rainbands, an equatorward movement would lead to stronger precipitation anomalies over the equator than would a poleward movement. This study analyzes how much of the equatorial precipitation anomalies can be associated with this meridional movement and examines if the precipitation anomalies associated with the meridional movement of the ITCZ and SPCZ could be linked to the nonlinear zonal wind response to ENSO. This paper is structured as follows. Section 2 describes the data being used and the methods of the analysis, including how the precipitation anomalies are decomposed into zonal and meridional redistribution of the climatological precipitation. Section 3 shows the components of the precipitation anomalies, the nonlinear zonal wind response to each of these precipitation components, and the effect of the biases in the climatological precipitation and the total precipitation response pattern. Finally, we summarize and discuss our results in section 4.
Methods
The nonlinear precipitation and equatorial zonal wind responses to ENSO are examined using a reanalysis of observations and coupled global climate model control experiments. A procedure to decompose the precipitation response into zonal and meridional redistribution and intensification components is designed and applied to models and observational estimates. After separating the precipitation anomalies into these three components, their individual impacts on the zonal wind response are explored by prescribing each as a heating anomaly in a shallow water model. In this section, we describe the data being used, how the ENSO composites and precipitation decomposition are computed, the shallow water model, and how the nonlinearity of wind response is quantified.
a. Data
In this study we focused on three physical quantities pertaining to ENSO: sea surface temperature in the tropical Pacific (208S-208N, 1008E-1008W) along with its area average within the Niño-3.4 region (58S-58N, 1708-1208W), surface zonal wind on the equator (28S-28N, 1008E-1008W), and the precipitation in the tropical Pacific basin (208S-208N, 1008E-1008W). Observational reanalysis datasets are appropriate for this study because a consistent reconstruction of the three physical fields is required. Among the many reanalysis datasets, we used the Modern-Era Retrospective Analysis for Research and Applications (MERRA; Rienecker et al. 2011 ) as a reference for the observations. We also use the Global Precipitation Climatology Project, version 2.2, (GPCP; Adler et al. 2003 ) dataset for estimating the uncertainty in MERRA precipitation product. Other reanalysis datasets may be included in this study, but the differences among them are much smaller than those among the coupled models.
For the model data we used the preindustrial control experiments in phase 5 of the Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012) . We have also utilized the free-run and flux-adjusted experiments of the Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model, version 2.5 (CM2.5), forecastoriented low ocean resolution version (CM2.5-FLOR; Vecchi et al. 2014; Jia et al. 2015) for understanding the impact of the climatological precipitation on the zonal wind response. The CM2.5-FLOR model is built by coupling the atmosphere and land components of the GFDL CM2.5 (Delworth et al. 2012) to the ocean component of the low-resolution GFDL CM2.1 (Delworth et al. 2006) . The atmosphere and land components have a horizontal resolution of about 50 km, whereas the ocean component has a horizontal resolution of 10-25 km.
Since the ENSO amplitude and the seasonal locking performance vary among models, we include in our composite analysis only the ENSO events whose Niño-3.4 SST anomalies peak between 1.5 and 2.5 K from November to February. Among the models that have provided the required fields, two of them do not have both El Niño and La Niña simulated at the magnitude required and are therefore excluded from the composite analysis (Table 1) .
b. Shallow water model on a sphere
The shallow water model has been used in many different contexts of meteorology and oceanography. With the b-plane approximation, it can be utilized as an anomaly model for understanding atmospheric and oceanic dynamics in the tropical regions (Matsuno 1966; Gill and Clarke 1974; Gill 1980) . In this study, we follow the approach of Gill (1980) . The 1.5-layer, linear shallow water version of the GFDL spectral atmospheric dynamical core (Balaji 1998 ) is used to simulate the surface zonal wind anomalies corresponding to a given field of precipitation anomalies. In this configuration, the atmosphere is modeled by two layers of fluid of different densities. The thicknesses of the layers are assumed to be small compared to the characteristic horizontal scale of the motion for the hydrostatic balance assumption to hold. The top layer is assumed to be at a fixed height (i.e., a rigid lid approximation). The bottom layer is assumed to be stationary (i.e., the bottom pressure vanishes). The momentum equations are the same as in Matsuno (1966) but in spherical coordinates. And following Gill (1980) , a heating anomaly term Q is added to the model's thickness equation:
where H is the layer thickness, u is the horizontal velocity in the layer, and « is the damping rate. The intuitive understanding is that a positive heating anomaly would cause the upper layer to thicken, pushes the interface between the two layers downward, leads to a lower pressure, and drives wind convergence at the surface. The heating anomaly represents the latent heat anomaly caused by changes in the atmospheric convections. The wind response to a localized heating anomaly in the tropical regions resembles the results in Gill (1980) . This linear anomaly model is sometimes referred to as the Gill model, and it assumes that latent heating forcings drive low-level flows. This can be compared to the model by Lindzen and Nigam (1987) , in which low-level flows are driven by boundary layer pressure gradients resulting from SST gradients and turbulent mixings. Nevertheless, the two models are formally analogous to each other; Neelin (1989) showed that the heating forcing in the thickness equation in the Gill model can be formulated as forcings in the momentum equations similar to those in the Lindzen and Nigam (1987) model. In addition, with the use of a more realistic model parameterization, Chiang et al. (2001) found that the elevated thermal heating anomalies are responsible for most of the zonal wind anomalies during an El Niño condition, whereas the surface temperature gradient contributes mostly to the meridional wind response. As our focus here is on the zonal wind response to ENSO, their results justify the Gill model approach in this context.
In this study the shallow water model is driven by precipitation anomalies, and the resulting lowertropospheric and surface zonal wind responses are the zonal wind anomalies we are interested in. But there are two more unknown parameters in setting up the shallow water model experiments. First of all, the heating forcings need to be converted from the precipitation anomalies. This is effectively asking for the vertical projection of the atmospheric heating anomalies onto the idealized profile assumed in the Gill model. Different models, including the real-world atmospheric heating, would have a different projection. Therefore, there is an unknown scaling factor in the heating anomalies for each model, and the scaling factor could also be different in El Niño and La Niña conditions. As the model is linear, this scaling factor in the heating anomalies would be linearly reflected in the simulated surface wind anomalies. Under the assumption that the vertical projections of the atmospheric deep convections are (nearly) the same for the El Niño and La Niña conditions within one model, the results shown here comparing the relative difference between the wind response to El Niño and La Niña (see section 2d) should not be affected by the unknown scaling factor.
Another unknown parameter is the ratio between the Rayleigh damping (i.e., damping in the momentum equation) and the Newtonian cooling (i.e., damping in the thermodynamics or thickness equation) parameters. The meridional extent of the simulated surface wind anomalies depends on the ratio of these two parameters (Wu et al. 2001) . We have checked that our results are insensitive to the ratios of the Rayleigh damping and Newtonian cooling rates ranging from 0.01 to 100.
Since the model is linear, the wind response of the precipitation anomaly components can be added directly to recover the total wind response to the total precipitation anomalies.
c. Decomposing the precipitation anomalies
The total precipitation anomaly is decomposed into three components, each of which is attributable to 1) zonal redistribution of the climatological precipitation, 2) meridional redistribution of the climatological precipitation, and 3) intensity change. These components can be added linearly to recover the total precipitation anomaly exactly.
This decomposition is motivated from the observation that during ENSO the total change in the tropical Pacific (208S-208N, 1008E-1008W) mean precipitation is about two orders of magnitude smaller than the anomaly local maxima, indicating that most of the anomaly is due to TABLE 1. CMIP5 models and modeling groups. Two models are marked as excluded from the composite analysis because of the lack of warm events with the required strength and seasonal locking. GFDL CM2.5-FLOR models are also included in this the redistribution of the climatological precipitation. And since the zonal wind response is the primary interest in this study, the zonal and meridional directions are the most relevant choice of axes for the decomposition of precipitation redistribution. Since the atmospheric response occurs fairly quickly relative to the monthly time scale, we assume that the redistribution in the two directions occurs concurrently.
To compute the anomaly corresponding to the zonal redistribution, the total precipitation during ENSO is divided by its zonal mean at each latitude and then multiplied by the zonal-mean precipitation in the climatology. In other words, the climatological precipitation is redistributed zonally to recover the zonal profile of the total precipitation. The anomaly P 0 x is then calculated by subtracting the climatological precipitation from the normalized total precipitation:
where P total is the total precipitation field and P clim is the climatological precipitation from MERRA or models. The overbar represents taking the mean along a particular axis denoted in the superscript. Similarly, the anomaly P 0 y associated with the meridional redistribution of precipitation is computed by normalizing the total precipitation using the meridional mean at different longitude:
Both P total x and P total y are assumed to be positive definite (i.e., also nonzero). When only one of the two directional redistributions is computed, the remaining precipitation anomalies not associated with that redistribution are large and also resemble the pattern of the other redistribution direction. This indicates that the redistribution of precipitation is significant in both directions, not just zonal or just meridional. On the other hand, when the zonal and meridional redistribution are performed sequentially, the corresponding anomalies depend on the order of operations. This highlights the fact that the zonal and meridional redistribution interact with each other by changing the mean along the other direction (i.e., the operations do not commute).
However, since we are assuming that the redistributions in the two directions occur concurrently, the decomposition should not depend on the relative sequence of the redistribution operations. To address this issue, the zonal and meridional operators [i.e., the f x and f y functions in Eqs. (1) and (2), respectively] are applied alternately and incrementally so that at each incremental step a fraction of the diagnosed redistribution anomaly is added to the total precipitation before the normalization on the other axis is applied. This iteration stops when the last anomaly increment is smaller than 1% of the accumulated anomaly. The anomaly increments are then aggregated into the zonal and meridional redistribution anomalies, respectively. The algorithm then becomes
is the zonal (meridional) redistribution anomaly computed at the ith iteration. The concurrent zonal P 0 x and meridional P 0 y redistribution anomalies are redefined as
The iteration stops at the kth iteration, when both P 0 x,k and P 0 y,k are smaller than 1% of P 0 x,k21 and P 0 y,k21 , respectively. The residual component is then P total 2 P clim 2 P 0 x 2 P 0 y . For the datasets used in this study, n has to be larger than 4 for the results to be independent of the relative order of the zonal and meridional redistribution. And the results are insensitive to the choice of n once n is larger than 4. In this study, we used n 5 50. And n and k are not necessarily the same; the former is chosen such that the decomposition is independent of the order of the zonal and meridional redistributions, whereas the latter is not prescribed but simply dependent on the level of convergence. An alternative method that does not require iterations is presented in the appendix. The results presented in this study applied the iterative method, but the alternative method would give the same answers.
The advantage of this decomposition is that P 0 x (P 0 y ) has zero zonal (meridional) mean and zero area mean over the tropical Pacific. The solution of the decomposition is unique because of the assumption that there is no preferred order of the zonal and meridional redistributions (i.e., the two redistributions occur simultaneously). A proof of this uniqueness is presented in the appendix. Examples of idealized precipitation redistribution and the corresponding redistribution components are presented in the supplemental material.
When investigating the indirect role of the meridional redistribution of precipitation on the nonlinear wind response, the meridional redistribution anomalies are discarded and the resulting zonal redistribution precipitation anomaly is termed the nonconcurrent zonal redistribution anomaly:
as defined in Eq. (1), which does not involve iterations.
d. Defining nonlinearity
The nonlinearity in the zonal wind response is quantified by the relative difference in the response between El Niño and La Niña (as in Choi et al. 2013) :
When the nonlinearity of equatorial Pacific zonal wind response is sought after, the magnitude of the response refers to the maximum anomaly within 28S-28N, 1008E-1008W, after a 408-longitude running mean. We use the maximum anomaly in order to account for the fact that the zonal wind anomaly is shifted eastward (westward) during El Niño (La Niña).
Results

a. Nonlinear zonal wind response in models and observations
The nonlinearity in the zonal wind response to ENSO in the observations and the CMIP5 models is shown in Fig. 1 . MERRA shows a stronger equatorial zonal wind response to El Niño than La Niña. The CMIP5 models generally agree with this positive nonlinearity [Eq. (6)]. While models' response to La Niña tends to cluster around observed, El Niño zonal wind response tends to be underestimated so that the overall nonlinearity is weaker than observed. This agrees with Zhang and Sun (2014) , who found a common underestimate of the ENSO asymmetry and a weaker precipitation response to El Niño in the eastern equatorial Pacific in the CMIP5 models. Here we refine their findings by keeping the amplitudes of the El Niño and La Niña SST anomalies fixed across observation and model composites, therefore eliminating the possible bias due to an increasing nonlinearity with the amplitude of ENSO events.
We test the hypothesis that the nonlinearity in the precipitation anomalies determines the nonlinearity in the zonal wind response. The models' precipitation anomalies are used to drive the shallow water model as heating anomalies. It is found that the spatial structures (Fig. 2) and the intermodel spread in the strength of the coupled models' zonal wind response (Fig. 3) are fairly similar to those simulated in the shallow water model. Furthermore, the coupled models' nonlinear wind response is also reproduced with a correlation coefficient of about 0.7 (confidence level above 99.9%; Fig. 4 ). As the shallow water model is linear, this result supports the idea that the nonlinearity in the zonal wind response is largely due to the nonlinearity in the precipitation response, although the coupled models generally show less nonlinearity than expected from the linear shallow water response to the observed precipitation anomalies. Fig. 4 may be because the zonal wind response in these few coupled models are not represented well by the shallow water model for both or either of the El Niño and La Niña situations (Fig. 2) . In addition, the shallow water model experiments that show negative nonlinear wind response for CMCC-CM, HadGEM2-CC, and BCC_CSM1.1 disagree with the coupled model response. This discrepancy is likely due to the small number of events in the composites and the small nonlinearity in these models and thus a small signal-to-noise ratio. In fact, when the composites were computed for weaker events (absolute Niño-3.4 index being 0.5-1.5 K; not shown) in these models, the number of events increases significantly and the corresponding nonlinear wind response to the precipitation anomalies becomes positive. As the strength of the nonlinearity increases with the strength of ENSO events (Hoerling et al. 2001; Chung et al. 2013) and most CMIP5 models underestimate the observed nonlinearity, there is a tradeoff between the signal-to-noise ratio and the number of events while choosing whether to use weaker events (weaker nonlinearity, more events) or stronger events (stronger nonlinearity, fewer events) for the composites. This is also true for observational datasets. anomalies, we investigate how the precipitation anomalies achieve such a nonlinear zonal wind response and, in particular, the roles of the zonal and meridional redistribution of the precipitation anomalies in causing the nonlinearity. Before diagnosing the zonal wind response to each of these precipitation anomaly components, we analyze their spatial features and quantitative contributions to the total precipitation anomalies.
Outliers in
The meridional redistribution of precipitation is characterized by an equatorward (poleward) movement of the ITCZ/SPCZ during El Niño (La Niña), whereas the zonal redistribution represents the eastward (westward) shift of precipitation during El Niño (La Niña) (Fig. 5 ). Both components have comparable amplitudes but very different spatial structures, although they are not entirely orthogonal (spatial correlations are about 0.0-0.4). They are also similar to the leading components diagnosed from the principal component analysis that have strictly zero spatial correlation but nonzero zonal and meridional means [not shown; similar analysis using a satellite dataset can be found in Haddad et al. (2004) ]. The sum of the zonal and meridional redistributions recover almost all of the total precipitation anomalies; the residual precipitation anomalies not associated with these redistributions are about two orders of magnitude smaller (Fig. 6 ) and are therefore neglected for most of the following analysis.
The relative contribution of each of these components to the nonlinear wind response was examined by forcing the shallow water model with the corresponding heating anomalies. We found that although the zonal and meridional redistribution anomalies have comparable contribution to the overall precipitation anomalies, the zonal wind response estimated from the shallow water FIG. 4 . Coupled models nonlinear wind response to ENSO events compared to the nonlinear wind response in the shallow water model with the corresponding precipitation anomalies prescribed as heating. The straight line presents the reference for a one-to-one mapping. Points are sorted according to the nonlinear zonal wind response in the coupled models and so the numbered markers are the same as those in Fig. 1. 
FIG. 3. (a),(b)
Scatterplots for the equatorial Pacific zonal wind response during ENSO in the coupled models and in the shallow water model with the coupled model precipitation anomalies prescribed as heating. The straight line presents the reference for a one-to-one mapping. In (b), the La Niña surface zonal wind response in the shallow water model is scaled to match the corresponding coupled model. The same scaling factor is then applied to the surface zonal wind response to El Niño. Such scaling is not applied elsewhere in the paper and does not matter in the nonlinear wind response, which is nondimensional (section 2d). See section 2b for a description of the scaling factor. model is almost entirely due to the zonal redistribution anomalies (Fig. 7) .
It is informative to compare the zonal redistribution anomalies with and without concurrent meridional redistribution of precipitation, which show that the meridional redistribution plays an important role of limiting the zonal redistribution anomalies during La Niña (Fig. 7) .
The zonal redistribution anomalies without concurrent meridional redistribution were calculated using Eq. (5). These nonconcurrent zonal redistribution anomalies can also be understood as the adjustment of the Walker circulation without any concurrent adjustment of the local Hadley cell. Under the situation when meridional redistribution is absent during La Niña (Fig. 7, right) , there is more precipitation to be displaced zonally, and therefore the zonal redistribution anomalies have a much stronger zonal dipole structure along the equator. Consequently the wind response to La Niña strengthens and the overall nonlinearity of the zonal wind response is reduced when meridional redistribution of precipitation is absent. Figure 8 shows that when the meridional redistribution component is absent, the nonlinearity in the zonal wind response to the zonal redistribution precipitation anomalies reduces significantly (the median reduction of all models is 65%). In other words, the meridional redistribution of precipitation, although not directly driving a large equatorial zonal wind response, indirectly contributes to a significant amount of the nonlinearity of the zonal wind response by limiting the possible zonal redistribution of precipitation during La Niña.
c. Contributions from the biases in climatological precipitation
In the previous subsection it was shown that the meridional redistribution of precipitation limits the equatorial zonal wind response during La Niña by exhausting the climatological precipitation on the equator. This suggests that the climatological precipitation may provide a simplifying framework from which to interpret intermodel spread in the nonlinear zonal wind response. In this section we study the extent to which biases in the climatological precipitation can help us understand biases in the zonal wind response nonlinearity in the models. 
1) CM2.5-FLOR: FREE RUN VERSUS FLUX
ADJUSTED
The impact of climatological biases can be isolated by comparing the GFDL CM2.5-FLOR free-run simulation to another simulation where the surface ocean biases are corrected toward observations through flux adjustment (CM2.5-FLOR-FA; Vecchi et al. 2014; Jia et al. 2015) . Since the two experiments have the same physics but differ only in their surface climatologies, and climatological precipitation is strongly sensitive to climatological SST, they provide us an opportunity to investigate the influence of climatological precipitation on the nonlinear zonal wind response to ENSO.
Both experiments simulate a tropical Pacific (208S-208N, 1008E-1008W) climatological precipitation (NovemberFebruary averaged) with spatial correlations above 0.9 relative to MERRA and GPCP (Fig. 9) . The climatological precipitation over most of the equatorial central and eastern Pacific is drier in the simulation using the FLOR-FA version than in FLOR version of GFDL CM2.5 (Fig. 10) . As a result, FLOR-FA is closer to MERRA and GPCP in terms of the area-mean precipitation. On the other hand, the SPCZ in FLOR-FA is more diagonal than that in FLOR. Yet this change in the spatial pattern is comparable to the difference between MERRA and GPCP, as MERRA also has a more diagonal SPCZ compared to GPCP.
With reference to MERRA, FLOR-FA is more similar in its linear equatorial zonal wind response to El Niño than FLOR, whereas the errors in the zonal wind response to La Niña in FLOR-FA and FLOR are comparable (Fig. 1) . The overall nonlinearity of zonal wind response in FLOR-FA is stronger than FLOR and is also closer to MERRA.
If the climatological precipitation from FLOR-FA is redistributed according to the spatial patterns of the FLOR's total precipitation during ENSO [i.e., swap the P clim for FLOR with that of FLOR-FA in Eqs. (1)- (4)], the resulting equatorial precipitation and the corresponding surface zonal wind anomalies simulated in the shallow water model (section 2b) would be weaker (stronger) during La Niña (El Niño) compared to FLOR (Table 2) . This is consistent with the previous section since a drier climatological precipitation further limits the negative precipitation anomalies during La Niña. Consequently, the nonlinearity in the zonal wind response is stronger when the climatological precipitation is taken from FLOR-FA.
However, if the wetter FLOR climatological precipitation is redistributed according to the FLOR-FA total precipitation spatial patterns, the equatorial zonal wind response becomes stronger (weaker) during La Niña (El Niño) compared to FLOR. In other words, the precipitation response to ENSO is changed when the surface climatology is flux adjusted so as to make the nonlinearity weaker. Nevertheless, the enhancement of the nonlinearity as a result of the drier FLOR-FA climatological precipitation is stronger ( Table 2) . As a result, by flux adjusting the ocean surface climatology toward the observations, the nonlinearity of the FIG. 8 . The nonlinear wind response in the shallow water model forced by zonal redistribution precipitation anomalies with and without concurrent meridional redistribution anomalies. The straight line presents the reference for a one-to-one mapping. Points above this line indicate models whose nonlinear response is enhanced by the concurrent meridional redistribution of climatological precipitation.
equatorial zonal wind response simulated by the FLOR is increased and becomes closer to observed.
2) CMIP5: MODELS VERSUS OBSERVATIONS
FLOR-FA shows an improvement in the linear and nonlinear zonal wind response to ENSO relative to FLOR, which arises, directly or indirectly, from improvements in climatological SST and rainfall. Here, we explore how the CMIP5 intermodel spread in the equatorial zonal wind response is associated with biases in their tropical Pacific climatologies and, in particular, their climatological precipitation fields.
Most CMIP5 models have a tropical Pacific mean climatological precipitation wetter than observed, with a spatial correlation ranging between 0.6 and 0.9 (Fig. 9) . This wet bias is mostly due to the excess precipitation over the ITCZ, SPCZ, and the western Pacific warm pool regions. The multimodel mean precipitation has a weak dry bias near the equator, and the bias is comparable to the difference between GPCP and MERRA. However, the intermodel spread, especially over the dry cold tongue regions, is as large as 50% of the multimodel mean. As shown by Li and Xie (2014) , when the precipitation field is normalized by the area mean for each model, the multimodel zonal-mean precipitation would align better in the ITCZ and SPCZ regions but nearly all models would have a normalized precipitation (i.e., spatial pattern only) that is too dry on the equator.
Models that have a cooler SST relative to the tropical Pacific mean and drier precipitation in the equatorial central Pacific climatologies tend to have a weaker equatorial zonal wind response during ENSO (Figs. 11a-c) . This shows that the climatological cold tongue bias and the location of the warm pool edge are important for the linear atmosphere-ocean coupling strength over the equatorial Pacific during ENSO.
The correlation between the climatological precipitation and the equatorial zonal wind response to ENSO described here is insensitive to whether or not the tropical Pacific mean precipitation of each model is removed or used to normalize the precipitation field (not shown). This insensitivity is likely because the intermodel spread in the tropical Pacific mean precipitation is relatively small compared to local differences.
In contrast, the correlation between the tropical climatological SST and the zonal wind response is smaller when the tropical Pacific mean SST is included (not shown). This is consistent with Sobel et al. (2002) , Johnson and Xie (2010) , and Xie et al. (2010) since the tropical deep convection is controlled not only by the local SST but also the difference between the local SST and the tropical mean SST, as well as the meridional temperature gradient.
The nonlinearity in the zonal wind response has virtually no linear correlation with the bias in the climatological precipitation in the equatorial central Pacific (Fig. 11d) . This is because, while a dry bias in the equatorial central Pacific (associated with the erroneous zonal extent of the cold tongue in some of the models; Brown et al. 2014 ) causes a weaker La Niña wind response by limiting the possible negative precipitation anomalies, the El Niño zonal wind response is also often weakened in the dry models. Therefore, although there is a strong linear relationship between the linear zonal wind response and the climatological precipitation biases, the bias in the nonlinearity cannot be determined directly from the bias in the climatological precipitation.
Conclusions
Observations and the CMIP5 models have shown stronger equatorial zonal wind response to El Niño than to La Niña. The observed nonlinearity in the zonal wind Magnitudes of the maximum zonal wind anomalies in the shallow water model for different precipitation anomalies either from a single model or by redistributing another model's climatological precipitation P clim to one model's total precipitation pattern P total during ENSO. The Dr c denotes the change in the nonlinearity from changing the climatological precipitation. The Dr t denotes the change in the nonlinearity from changing the total precipitation pattern. Changes are with reference to the free-run experiment (GFDL CM2.5-FLOR; top row). response can be reproduced fairly well by driving an atmospheric shallow water model with the observed precipitation anomalies as the heating source. The varying degree of the wind nonlinearity in the CMIP5 models is also reproduced using the models' precipitation anomalies in the shallow water model. We therefore conclude that the nonlinearity in the zonal wind response is largely driven by the nonlinear response of the precipitation, which is a positive definite quantity.
More than 90% of the precipitation anomalies during ENSO are due to the redistribution of the tropical Pacific climatological precipitation, with little change to the overall mean precipitation. We derived a routine to decompose the precipitation anomalies into three components: zonal redistribution, meridional redistribution, and a residual component which tends to be small. These components are computed such that the zonal (meridional) redistribution component has zero zonal (meridional) Based on experiments with a shallow water model, we conclude that although the zonal and meridional redistribution components contribute comparably to the equatorial precipitation anomalies, the zonal redistribution component is responsible for most of the equatorial zonal wind response (Fig. 7) . However, the meridional redistribution component during La Niña, associated with the poleward shift of the ITCZ/SPCZ (Trenberth 1976; Folland et al. 2002) , enhances the nonlinearity in the zonal wind response substantially by reducing the climatological precipitation on the equator, thereby reducing the zonal redistribution and the zonal wind response to La Niña (section 3b). This result highlights the role of climatological precipitation in limiting the zonal wind response to La Niña. On the other hand, the meridional shift during El Niño has little effect on the precipitation and the wind response.
By comparing the free-run and the flux-adjusted experiments of the GFDL CM2.5-FLOR model, we found that both the linear and the nonlinear zonal wind response to ENSO are improved by flux correcting the surface ocean climatologies toward the observed. And among the CMIP5 models, the equatorial zonal wind response to ENSO is also shown to be associated with the equatorial central Pacific climatological precipitation and SST (Fig. 11) . Previous studies analyzing the CMIP3 models have also indicated relationships between the models' biases in their climatological precipitation and equatorial zonal wind response to ENSO (Capotondi et al. 2006; Lengaigne and Vecchi 2010; Ohba and Ueda 2009) . Together, these findings imply that the equatorial atmosphere-ocean coupling strength may change under a different climate scenario if there are changes in the climatological SST and precipitation near the edge of the cold tongue.
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APPENDIX
Uniqueness of the Decomposition Solution
This appendix proves the uniqueness of the solution given by the decomposition method described in section 2c. The solution is unique because of the requirement that the solution should not depend on the order of the zonal and meridional redistribution (i.e., the two redistributions occur simultaneously). Unless there is a reason to believe that the Walker circulation adjusts before the local Hadley cell does (or vice versa), the simultaneity is the best assumption that one could make. We will show how the simultaneity leads to a unique solution.
As the residual component can be uniquely defined by the difference between the total precipitation field during El Niño (or La Niña) and the same field normalized by the tropical mean climatological precipitation, for now we may ignore the residual component (i.e., any basinwide intensification or reduction of precipitation) and focus on the pure spatial (two dimensional) redistribution of precipitation in the tropical Pacific.
With that, we let
where P 0 represents the total precipitation anomalies with zero area mean, P 0 x is the precipitation anomaly resulting from the zonal redistribution, and P 0 y is the precipitation anomaly resulting from the meridional redistribution. By definition, the zonal mean of P 0 x is zero, and the meridional mean of P 0 y is zero. We shall prove that this is a unique decomposition under the aforementioned assumptions.
An alternative solution for the decomposition would be To satisfy all the above statements, P 1 has zero zonal mean and zero meridional mean. Therefore, P 1 is either zero everywhere or has a structure of a quadrupole or higher-order multipoles. We will continue the proof with the quadrupole solutions, which can be easily generalized to higher-order multipoles. There ) and (c). The iterative method described in the text gives the same answers as (e) and (f), exact to the order at which the algorithm is designed to converge.
are two quadrupoles that P 1 could be (as shown in Fig. A1 ).
Without loss of generality, let P 1 take the structure of What the additional P 1 implies is a counterclockwise movement of a block of precipitation that eventually moves back to where it was and causes no overall anomaly anywhere. This also implies a preferred order of redistribution. In other words, when there is no preference for the zonal redistribution to occur prior to the meridional redistribution, another choice of P 1 (i.e., a clockwise movement) should exist if the counterclockwise solution existed. These two choices of P 1 cancel each other. Therefore, there is no alternative solution to P 0 5 P 0 x 1 P 0 y . Q.E.D. In the current implementation, P 1 is eliminated by small-step iterations between the zonal redistribution and the meridional redistribution operations. An alternative implementation would be to average two pairs of redistribution anomalies: the first set assumes that all of the zonal redistribution takes place before the meridional redistribution; the second set assumes the opposite. Then the average of the two sets of (P 0 x , P 0 y ) would have no preference for the order of redistribution (i.e., the clockwise and counterclockwise movements are averaged out). This implementation is illustrated in Fig. A2 .
The iterative method (used in the main body of this paper) and the averaging method give answers that are the same, exact to the order at which the first method is designed to converge (1% of the anomalies for the experiments presented). In retrospect, the second method may be better because there is no need for an iteration and a choice when the iteration converges. But the first method gives intermediate steps for animating how the redistribution occurs progressively.
